Background and aims Adequate zinc (Zn) in maize (Zea mays L.) is required for obtaining Zn-enriched grain and optimum yield. This study investigated the impact of varying Zn fertilizer placements on Zn accumulation in maize plant. 
Introduction
Human are now facing two global challenges from agriculture: one is to ensure food security, conserve natural resources and protect environments, simultaneously (Tilman et al. 2002) ; furthermore, another hidden and ignored one is to increase grain micronutrient (for example zinc, Zn) concentration in main cereal crops to overcome widespread malnutrition especially in developing countries (Bouis and Welch 2010) . Maize (Zea mays L.) is one of the leading cereal crops worldwide, and its total production is more than that of any other cereal grain (FAO 2011) . And it is also an important cereal crop in the context of nutrition for humans, poultry and livestock (Nuss and Tanumihardjo 2010) . Thus increasing Zn levels in maize grain could deliver more Zn to people whose diet relies directly or indirectly on maize-derived food.
Maize is one of the most susceptible cereal crops to Zn deficiency. Because high yielding maize varieties are selected grown, chemical fertilizers are of increased purity and cropping has become increasingly intensive, Zn deficiency in soil-crop system has become more prevalent in last decades (Fageria et al. 2002) . Zinc applications are reported to increase maize grain yield around world (Harris et al. 2007; Hossain et al. 2008; Potarzycki and Grzebisz 2009; Singh and Banerjee 1986) . In China, nearly half of Chinese farmlands were classified as critical Zn deficient soil (Liu 1996) , especially in North China where most of maize crops were planted. As summarized by Zou et al. (2008) , cases of increase in maize yield by Zn application were frequently reported, and amount of Zn fertilizer used for maize production ranks first among all crops in China.
Meanwhile, Zn application was also an effective strategy of biofortification, which has been well documented to increase grain Zn concentration in wheat and rice (Cakmak 2008; Hossain et al. 2008; Shivay et al. 2008) , but information specific to maize is limited. Recent studies indicated that it's possible to increase Zn concentration in maize grain by either soil Zn application or seed priming with Zn in South Asia (Harris et al. 2007; Hossain et al. 2008) .
However, only a small part of applied Zn is taken up by crops resulting in low apparent recovery rate of applied Zn, ranging from less than 1 % to 5 % depending on fertilizer types and rates (Rico et al. 1996; Zhao et al. 2011) . This inefficiency in Zn use was partly due to both quick fixation of Zn into crop unavailable forms and the limited mobility of Zn fertilizer when applied as ZnSO 4 (Alloway 2009; Rengel et al. 1999) . Increasing rates of Zn fertilizers may supply more available Zn to crops, although it may not economical (Zhao et al. 2011) . Alternatively, granular Zn fertilizer needs to be well mixed in the soil to maximize root interception of added Zn granules for increasing Zn use efficiency (Mortvedt and Gilkes 1993) . In addition, a root plasticity (a trait that can respond to selective pressure and may help plants forage for nutrients in heterogeneous soils) response to soil patches enriched in macronutrients such as phosphate or ammonium may increase acquisition of nutrients (Drew 1975) . Unlike the hyper-accumulator such as Thlaspi caerulescens, little is known about maize root plasticity response to local Zn enrichment in soil (Haines 2002; Robinson 1994) . Considering these factors together, a mismatch between maize root distribution and Zn availability in the soil profile may constrain the uptake of Zn by maize root if there was no response to Zn-enriched patch. In addition, experiments with wheat showed that Zn addition in infertile subsoil could greatly increase root growth, shoot Zn accumulation and also grain yield for Zn inefficient wheat genotype (Holloway et al. 2010 ). Thus, maximizing shoot Zn uptake by efficient Zn placements including subsoil Zn application to meet the requirement of Zn-enriched grain and high yield of maize deserves further research.
Overall, it's still unclear how soil Zn heterogeneity affects root growth, shoot Zn content, apparent recovery efficiency of applied Zn and also grain Zn concentration in maize. The objectives of this research, therefore, were to explore the effects of soil Zn heterogeneity by vertically stratified Zn on the plasticity of root distribution, shoot Zn accumulation and allocation in maize grown in pot culture conditions.
Materials and methods

Experimental design
Pot experiments were conducted in 2010 and 2011 at the solarium in Quzhou experimental station, Hebei province, China (36°52′N, 115°02′E). The experimental soil was a loamy textured alluvial Aquic Cambisol. The soil had an initial pH of 7.3 (soil to water ratio of 1:2), DTPA-extractable Zn concentration of 0.4 mg kg −1 , Olsen-P concentration of 6.9 mg kg −1
, total N concentration of 0.62 g kg and soil organic matter of 1.03 %. The soil was sieved through a 3 mm plastic sieve and air-dried prior to use. Pot experiments were carried out in cylindrical polyvinyl chloride (PVC) pots with 40-cm diameter and 75-cm depth (Fig. 1 ). Pots were divided into two parts along the diameter and then marked at 0 (soil surface), 5 (seed depth), 10, 15, 25, 30, 60 , and 75 cm on the inside. After washing with diluted acid and then tap water, the pots were air dried and glued back by tape. The bottoms of pots were also airproofed by tape. The experiments consisted of seven vertical Zn placements with three replications: no Zn application (Zn0, as control), soil Zn application at 10-15 cm depth (Zn10-15, simulating banding application in topsoil), soil Zn application at 0-15 cm depth (Zn0-15, approximately simulating the broadcasting and mixing in topsoil), soil Zn application at 25-30 cm depth (Zn25-30, simulating deep banding in the plough layer), soil Zn application at 0-30 cm depth (Zn0-30, simulating broadcasting and mixing in the plough layer), soil Zn application at 30-60 cm depth (Zn30-60, simulating a subsoil fertilization) and soil Zn application throughout the 0-60 cm depth (Zn0-60, as complete Zn control). Zinc application rate was based on applying 10 mg Zn kg After emergence, the seedlings were thinned to one per pot. All of the pots were watered with maximum to 40 mm per 2 or 3 days depending on weather conditions. At harvest in both years, no water-logging at bottom parts of columns was observed.
Sampling and measurement
In 2010, maize plants were harvested at flowering stage, which focuses on soil Zn availability, root growth, and uptake of shoot Zn in response to Zn placements (experiment-1, referred to as Exp-1). The shoots were washed with deionized water and then oven-dried to measure dry weight (DW) and nutrient concentration. The soil in each pot was divided into different samples representing the soil layers including 0-10, 10-15, 15-25, 25-30, 30-60, and 60-75 cm in order to measure DTPA extractable Zn in soil. The roots in the soil layers were sorted by hand and washed to measure the root length (RL) and root surface area (RSA) using a scanner (Epson, Japan) and root measurement software (RHIZO 4b, Australia). After scanning, the roots were dried at 65-70°C in an oven and weighed. In 2011, maize plants were grown to physiological maturity, focusing on grain yield, Zn accumulation in grain and other parts (experiment-2, referred to as Exp-2, which was exactly the same as in Exp-1 except the harvest stage). The shoot was divided into straw and grain to separately measure the dry weight, Zn concentration and content. The sampling of soil was conducted using the same method described in Exp-1.
Zinc concentrations in straw and grain samples were analyzed by inductively coupled plasma atomic emission spectroscopy (ICP-AES, Perkin Elmer, USA) after digestion with HNO 3 -H 2 O 2 in microwave accelerated system (CEM, Matthews, USA) (website, http:// cem.com/). The recommended CEM method was: holding 2 min at 120°C, then holding 5 min at 150°C, finally holding 20 min at 185°C and later with a process of cool down. The filtrated soil extract with DTPA solution was also measured by ICP-AES. Reference material IPE 556 (Wageningen University, Netherlands) was used to verify the digestion procedures and to calibrate the ICP-AES.
Calculation
Zinc contents in straw and grain were calculated as the product of Zn concentration and its dry weight. Grain Zn harvest index (Zn HI) was calculated as grain Zn content/shoot Zn content×100. According to method of Zhu et al. (2001) , specific Zn uptake (SZnU) was calculated as shoot Zn uptake per unit root DW. Due to the importance of soil Zn availability (Lindsay and Norvell 1978) and root surface area (Genc et al. 2007) on Zn uptake by plants, the sum of the product of soil available Zn concentration and root surface area at different soil layers was defined to quantify supply capacity of Zn (SCZn) in soil profile. The formula of SCZn was shown as follows:
where DTPA-Zn is soil DTPA-Zn concentration and RSA is root surface area in soil layers, which includes the 0-10, 10-15, 15-25, 25-30, 30-60 and 60-75 cm layers. Apparent recovery efficiency of applied Zn fertilizer (RE Zn ) was calculated as (shoot Zn content with Zn application-shoot Zn content without Zn application)/amount of applied Zn×100. Increase of shoot Zn content, SCZn, soil DTPA-Zn content was calculated as the difference value (△) between the respective values with and without Zn application.
Data analysis
One-factor ANOVA procedure in SAS software (SAS 8.0, USA) was used for statistical analysis. Means were separated by Fisher's protected least significance difference (LSD) test at P<0.05. Regression models were used to evaluate the response using SigmaPlot (Systat software, USA). Correlation studies and decomposition of coefficient between shoot Zn content and root characteristics by path analysis (to describe the directed dependencies among a set of variables, Hashimoto et al. 2012) were carried out using SAS software.
Results
Overall effect of Zn placement on maize growth
Symptoms of Zn deficiency were observed on maize leaves (e.g., interveinal chlorosis) at 4-leaf stage without Zn treatment (Fig. 1S , online data), whereas this symptom disappeared with time. Zn applications finally had no significant effect on total shoot dry weight (DW) in both experiments except Zn10-15 treatment in 2011, and on grain DW in Exp-2 comparing with control ( Fig. 2 ; Table 1 ). There was a significant difference in root DW, root length and root surface area between control and Zn application treatments in Exp-1, whereas no or minor differences in these parameters occurred among Zn applications (Table 1 ). In addition, shoot/root ratio was significantly decreased by Zn applications except for Zn30-60 treatment (Table 1) .
Heterogeneity of soil DTPA-Zn in treated soil layers Soil DTPA-Zn concentrations in soil layers with applied Zn were significantly increased, thereby generating substantial Zn heterogeneity. Whereas DTPA-Zn in soil layers without Zn application had no difference compared with control treatment in two experiments ( Table 1 maturity in 2011, which was nearly 70 times higher than that of control. Soil DTPA-Zn concentration increased linearly with increasing rates of soil Zn application resulting from the reduced soil volume of Zn mixing (Fig. 2S , online data).
Root length density and root surface area in soil profile
For all treatments in Exp-1, the biggest root length density was in soil layer of 0-10 cm following by soil layer of 25-30 cm, and the lowest was in soil layer of 60-75 cm (Fig. 4) . Compared with Zn0 treatment, all of Zn application treatments resulted in significantly higher root length density within soil layers of 0-30 cm, whereas Zn had no significant effect on root length density observed in30-75 cm soil layers. Overall, Zn application, regardless of its distribution in soil, resulted in a systemic not localized promotion of root growth (Table 1 ; Fig. 4 ). For example, Zn10-15 treatment resulted in similar root length density in soil layer of 10-15 cm as that with other Zn treatments, although soil DTPA-Zn concentration in soil layer of 10-15 cm was much higher than others (Fig. 3) . For absolute quantity of root surface area (RSA) in soil profile, soil layers of 0-10 and 30-60 cm had much more RSA than other soil layers (Fig. 4) .
Shoot Zn accumulation and allocation
There was a large variation in shoot Zn concentration and content among treatments in two experiments (Tables 2 and 3 ). Treatment Zn0-30 followed by Zn0-15 in Exp-1, and treatment Zn0-60 followed by Zn0-30 in Exp-2 resulted in highest shoot Zn concentration and content; while treatment Zn30-60 in both experiments had the lowest shoot Zn concentration and content. Similar to shoot Zn content, specific Zn uptake (SZnU) was significantly increased by Zn applications compared with that of control. A significant difference in SZnU among Zn application treatments was found, with the largest value in Zn0-30 treatment and lowest in Zn30-60 treatment (Table 2) . Generally, a low apparent recovery efficiency of applied Zn (RE Zn ) was recorded in all Zn treatments with ranges of 0.26-0.76 % in Exp-1 and 0.25-0.75 % in Exp-2 (Tables 2 and 3 ). In Exp-2, grain Zn concentrations were obviously increased in all treatments except in the Zn30-60 treatment (Table 3) . Treatment Zn0-15 followed by Zn0-30 resulted in the largest increase in grain Zn concentration, which was 51.2 % and 48.5 % higher than the control (Zn0), respectively. There was a significant and positive correlation between shoot Zn concentration and grain Zn concentration (P<0.001), although grain Zn HI was significantly decreased by all Zn application treatments (Table 3) .
Contribution of tested parameters to shoot Zn uptake
In Exp-1, Zn applications increased soil DTPA-Zn content to 7-12 folds higher than that of control. Difference in soil DTPA-Zn content among treatments with Zn application was small (Table 2) . Zinc placement had a large effect on the supply capacity of Zn (SCZn) in soil layers where Zn was applied (Table 4 ). All Zn applications increased total SCZn up to 10 fold higher than Zn0 treatment. A correlation matrix shown in Table 5 reveals that shoot Zn content was positively correlated with SCZn, weakly correlated with soil DTPA-Zn content and RSA, but not with RL. The coefficients were further estimated by path analysis (Table 6 ). SCZn had highest direct effect on shoot Zn content; soil DTPA-Zn content, RL and RSA contributed to shoot Zn content mostly by an indirect effect via SCZn. SCZn followed by soil DTPA-Zn content and RSA had a greater total effect on shoot Zn content than that of RL.
Increase in shoot Zn content, as an indicator of maximizing shoot Zn content, was negatively related to the increase in soil DTPA-Zn content, whereas it had a positive regression with SCZn in Exp-1 (Fig. 5 ).
Discussion
In current study, Zn deficiency in soil obviously restricted the growth of maize seedling (Fig. 1S ) and its Table 1 root ( Fig. 4 , Broadley et al. 2007 ). However, low soil Zn ultimately had a minor effect on shoot or grain DW in two experiments ( Fig. 2; Table 1 ). One reason may be that cultivar Zhengdan958 is one of most adopted cultivars in China, which is also a moderately Zn efficient genotype (Karim et al. 2012 ). In addition, sufficient soil moisture can reduce crop Zn deficiency by improving Zn diffusion in rhizosphere and thus increasing Zn uptake by root (Bagci et al. 2007 ). Thus, yield response to Zn application may well be different in field conditions. For example, an ongoing field experiment using the same cultivar and the same soil in Quzhou station indicated that maize grain yield could be increased by up to 12 % after heavy Zn application (50-150 kg ZnSO 4 · 7H 2 O ha
The present study indicated that Zn application greatly increased soil DTPA-Zn concentration by Zn placement in columns (Fig. 3) . Vertical heterogeneity of soil DTPA-Zn can be usually found between topsoil and subsoil because of surface cultivation and fertilization (Behera et al. 2008; Wei et al. 2006) . This study provided a test of effects of a large amount of vertical stratification in soil DTPA-Zn concentration in soil layers, which reflects low mobility of inorganic Zn fertilizers in calcareous soils with high pH and high 0 2,000 4,000 6,000 8,000
Root surface area (cm 2 plant -1 ) (Alvarez 2007; Gangloff et al. 2006) . Therefore localized placement of a constant amount of Zn fertilizer per pot resulted in a "concentration effect" (Fig. 2S) , even with frequent irrigation. Exp-1 was conducted to provide insight into the effects of Zn placement on maize roots. Root morphology as described by root DW, root length and root surface area was affected by Zn applications, but differences were minor among treatments with different Zn placements (Table 1) . Increase in root length and root surface area by Zn application was previously reported (Subramanian et al. 2008; Taheri et al. 2011) . A reason would be that Zn application increased the production and activity of indole-3-acetic acid, which promotes root growth (Alloway 2008) .
However, the large increase of soil DTPA-Zn in specific layers due to localized Zn application did not result in local root proliferation as indicated by root length density or root surface area (Fig. 4) . Thus, the present finding further confirmed that positive effect of localized Zn application on root growth is not a localized but systemic response, which differed from local root proliferation associated with P placement (Drew 1975; Jing et al. 2010) . The root plasticity related to local high nutrient concentration reviewed by Robinson (1994) , did not seem to occur with localized Zn application to maize. But the root increase by Zn applications resulted in reduced shoot/root ratio which showed a significantly negative correlation with shoot Zn content (r=0.49*, data not shown); Moreover, Zn a SCZn DTPA-Zn x × RSA x , where DTPA-Zn x is the soil DTPA-Zn concentration and RSA x is the root surface area in soil layer x, which includes 0-10, 10-15, 15-25, 25-30, 30-60 and 60-75 cm applications increased root growth predominately in soil layers of 0-30 cm, which was more important for Zn uptake (Table 1S , online data). Such result highlights importance of Zn application at surface soil (within 0-30 cm depth), although the underlying mechanism is not well understood. In addition, root length density showed a distinct peak at 25-30 cm depth in all Zn treatments, but not in control (Fig. 4) . These observations occurred at flowering stage when the tips of brace root may be just rooted in 25-30 cm depth. Another explanation would be that root system of modern maize cultivars is adapted to nutrientenriched topsoil (e.g., 0-30 cm) during varietal selection (Dwyer et al. 1996; Peng et al. 2010) . Although the same amount of Zn sulfate was applied in Zn application treatments, variation in shoot Zn content of maize was huge in both experiments (Tables 2 and 3 ). The varied SZnU indicated that influx rate of Zn in root was significantly increased by Zn placement. Nonetheless, variation of shoot Zn content by Zn placement, low RE Zn (Tables 2 and 3 ), Zn influx characterized by Michaelis-Menten functions (Broadley et al. 2007 ) and maize being not a hyperaccumulation species of Zn (Takkar and Mann 1978) support the idea that ability of roots to take up Zn from local high Zn concentration is still a limitation for maximizing shoot Zn content. On the basis of poor mobility of inorganic Zn fertilizer in soil and the systemic response of maize root to Zn placement, we speculated that depth-wise matching between root and available Zn in soil contributed to this variation in shoot Zn content among Zn treatments. Treatments where Zn was applied throughout 0-60 cm depth or where it was applied only to 0-30 (or 0-15) cm resulted in higher shoot Zn content. Where Zn was applied only in 30-60 cm zone resulted in lowest Zn content in both experiments. Few studies can be comparable with current results because previous studies focused mostly on new types of fertilizer, correction of Zn deficiency, new methods such as seed priming (Alvarez and Rico 2003; Harris et al. 2007; Hossain et al. 2008 ), but not the vertical stratification of Zn fertilizer. Both root surface area (Genc et al. 2007 ) and available Zn in the soil (e.g., DTPA-Zn) (Lindsay and Norvell 1978) are essential for Zn uptake by plants. Across all treatments, root surface area and DTPA-Zn content were weakly correlated with shoot Zn content (Table 5) . However, in terms of maximizing shoot Zn content, increase of DTPA-Zn content had a negative regression with shoot Zn content (Fig. 5) , indicating that only increases in soil DTPA-Zn content without concordant distribution of root does not ensure higher ns non-significant; *, ** and ***, significant at P<0.05, P<0.01 and P<0.001, respectively (Table 3) , and was significantly correlated with shoot Zn content (Table 5 ) and contributed to shoot Zn content most via direct effect (Table 6 ). Furthermore, increase in SCZn was positively correlated with increases in shoot Zn content to some extent (Fig. 5) , indicating that optimizing spatial matching between root and soil available Zn distribution could increase shoot Zn content of maize. However, it's noticeable that SCZn could only explain about 66 % (r 2 between SCZn and shoot Zn content in Table 5 ) of the variation in shoot Zn content, indicating that factors such as rate of Zn influx, period of Zn uptake, soil moisture and sulfate heterogeneity in soil profile may be also involved and could not been excluded in this study. Specially, notable differences in shoot Zn content between Zn10-15 (Zn25-30) and Zn0-15 (Zn0-30) treatments were observed in Exp-1 but not in Exp-2 (Tables 2 and 3 ). This may suggest that difference in climate and harvesting stage between the 2 years and growth of brace root affected the Zn uptake after flowering. In addition, only 8 % of total sulfate was derived from zinc sulfate, thus the effect of sulfate heterogeneity seems small. Overall, these results supported the idea that method of Zn fertilization, especially fertilizer placement with inorganic Zn fertilizer (commonly as ZnSO 4 ) should be considered in order to maximize shoot Zn content to meet crop requirement. For example, subsoil Zn fertilization at 30-60 cm soil depth is not recommended based on shoot Zn uptake and also is not feasible in practice, which was different with subsoil Zn addition for wheat production (Holloway et al. 2010; Nable and Webb 1993) .
In field conditions, maize roots are generally distributed throughout the topsoil layers. For example, nearly 90 % of the root system was recovered from topsoil layers (Dwyer et al. 1996) and nearly half of the maize roots were recovered from soil layers of 0-15 cm (Peng et al. 2010) . Thus, Zn application evenly within soil layers of 0-30 cm or alternatively 0-15 cm (by spraying Zn solutions on the topsoil before plowing or by broadcasting Zn-enriched NPK fertilizer and then mixing it into plow layer during field preparation) is expected to match well with root distribution, which would be expected to best enable Zn uptake by roots and, therefore, accumulation into the shoot. Furthermore, low in-season RE Zn (<1 %) matched with previous studies (Zhao et al. 2011; Wang et al. 2012) , indicating that considerable amount of available Zn was retained in soil and a residual effect of Zn application therefore would be expected.
Compared with control, grain Zn concentration was obviously increased by Zn placement with the exception of the treatment Zn30-60 in Exp-2 (Table 3) . Recent studies also confirmed that Zn application can increase Zn concentration in maize grain either by soil application or seed priming with Zn (Harris et al. 2007; Hossain et al. 2008) . This study together with those studies suggest that biofortification of maize with Zn by an agronomic approach is also promising as in the case of wheat (Cakmak 2008) . Without Zn application, grain Zn HI was about 50 %, similar with previous studies (Jarausch-Wehrheim et al. 1999; Wang et al. 2012 ). However, a larger portion of Zn was allocated to vegetative organs with declining grain Zn HI when Zn was applied irrespective of placement (Table 3) . This phenomenon was reported before in maize (JarauschWehrheim et al. 1999) , rice (Jiang et al. 2008) , and wheat (Yilmaz et al. 1997) . Since Zn concentrations in the shoots could be increased by Zn application, thus Zn homeostasis by Zn loading in phloem, translocation and unloading to grain would be one limitation (Herren and Feller 1997; Stomph et al. 2011) , and the limited sink due to low concentration of N and P which can store Zn in grain would be another limitation (Cakmak 2008; Nuss and Tanumihardjo 2010) . Overall, grain Zn concentration combining the current cultivar and Zn fertilization could not meet the target of maize biofortification with Zn, such as to 38 mg Zn kg −1 (Bouis and Welch 2010) . In addition, it's noticeable that Zn30-60 treatment had no effect on grain Zn concentration; although it significantly increased shoot Zn content (Table 3 ). The reason was still unclear, it may be due to stronger suppression of Zn translocation to grain or the Zn uptake after anthesis was not used for grain Zn accumulation? The physiological process underlying translocation or retranslocation of Zn to grain deserves more research for successful biofortification of maize grain with Zn for human health.
Conclusion and prospect
This study was designed to investigate how soil Zn heterogeneity by Zn stratification affects root growth, and consequently shoot Zn uptake of maize in pot experiments. Mixing of ZnSO 4 · 7H 2 O in soil induced a systemic and positive response of root growth mainly within the 0-30 cm soil depth. Spatial matching between soil available Zn and root distribution, termed supply capacity of Zn in soil, largely decided the shoot Zn accumulation. Increase of shoot Zn content by Zn enrichment in soil generally resulted in higher grain Zn concentration (except Zn30-60 treatment).
With the aim of grain Zn biofortification and sustainable high grain yield, Zn placement with feasible application practices (e.g., broadcasting Zn-contained NPK fertilizer or spraying Zn solution on soil surface and then incorporated into 15 or 30 cm depths by plow) for maximizing shoot Zn uptake of maize deserves further research in field conditions.
